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Whole kidney volume/pressure relationships. We measured
changes in kidney volume and intrarenal pressure produced by
step-wise, steady state increases and decreases in ureteral pres-
sure (UP). The purpose of such maneuvers, termed exercises,
was to examine the relationship between changes in kidney
volume and the changes in intrarenal pressure responsible for
those in kidney volume. Changes in kidney volume were
assessed from directly measured changes in kidney weight.
Changes in the intrarenal pressure distending the renal capsule
(renal subcapsular pressure [RSCP]) were measured by a strain
gauge diaphragm-type microtransducer placed between cortex
and capsule. We measured these whole kidney volume/pressure
events before and after saline loading and examined their rela-
tionship to changes in renal function following saline loading.
We found that after four "exercises", the kidney became more
compliant, i.e., occupied a larger volume at any given UP or
RSCP, and that the compliance of the kidney was further in-
creased following saline loading. However, about one hour after
saline loading, RSCP returned to or below pre-saline loading
levels and renal volume returned to pre-saline loading levels
nevertheless, the natriuresis persisted. Thus, an increase in renal
volume is not necessary to sustain increased sodium and water
excretion in post-saline loading. Finally, we found evidence that
the renal capsule provides the major force opposing expansion
of outer cortex when intrarenal pressure is increased.
Etude des relations volume/pression dans le rein global. Nous
avons mesuré les modifications du volume renal et de Ia pression
intra-rénale produites par des augmentations et des diminutions
par paliers atteignant l'état stationnaire de la pression urétérale
(UP). Le but de ces manoeuvres, dites exercices, était d'étudier
Ia relation entre les modifications de volume du rein et Jes modi-
fications de la pression intra-rénale responsables des précé-
dentes. Les modifications du volume du rein ont été appréciées a
partir des modifications du poids du rein. Les modifications de
Ia pression intra-rénale distendant la capsule (pression rénale
subcapsulaire—RSCP—) ont été mesurées par un microtrans-
ducteur de jauge de contrainte du type a diaphragme place entre
le cortex et Ia capsule. Nous avons mesuré le volume renal et Ia
pression avant et aprés surcharge saline et étudié leurs relations
avec les modifications de Ia fonction rénale consécutives a la
charge saline. Nous avons constaté qu'apres quatre "exercices",
le rein devient plus compliant, c'est-à-dire occupe un plus grand
volume pour une UP ou RSCP donnée, et que la compliance du
rein augmente encore après Ia charge saline. Cependant, une
heure environ aprèsla charge saline, RSCP revient au niveau
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antérieur a Ia charge saline ou au-dessous, et le volume renal
revient a la valeur observée avant Ia charge. La natriurèse per-
siste néanmoins. Ainsi une augmentation du volume renal n'est
pas nécessaire pour entretenir une augmentation de l'excrétion
d'eau et de sodium au décours d'une charge saline. Enfin, nous
avons apporté Ia preuve que Ia capsule rénale fournit Ia force
majeure qui s'oppose a l'expansion du cortex superficiel quand
Ia pression est augmentée.
Changes in renal volume accompany a number of
states of clinical or physiologic importance. For ex-
ample, substantial increases in renal volume occur in
acute tubular necrosis or transplant rejection [1] or in
physiologic states such as saline loading [2]. The func-
tional significance of these volume changes per se is
unknown; however, it seems possible that the physical
adjustments which the renal tubular and vascular net-
work must undergo as they participate in these
volume changes might affect tubular and vascular
function. The present study was undertaken to gain
further insight into the factors which may determine
changes in whole kidney volume/pressure relationships
and their possible functional importance.
Methods
Mongrel dogs were deprived of food for approxi-
mately 20 hr prior to study. The animals were anesthe-
tized with i.v. administered pentobarbital (30 mg/kg)
and given additional small doses as required to main-
tain a constant level of anesthesia. An endotracheal
tube was inserted and connected to a constant volume,
positive pressure ventilator. Prior to surgery, two i.v.
catheters were placed for infusion of l.5% mannitol in
0.9% saline at 3 to 5 mI/mm and for constant infusion
of creatinine and para-aminohippurate (PAH) at 0.1 to
0.3 ml/min, depending upon the size of the animal. A
heparin-saline-fihled catheter was placed in the abdo-
minal aorta via the femoral artery to record aortic
blood pressure and take blood samples. The abdomi-
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nal contents were exposed by a longitudinal midline
incision extending from xyphoid to pubis and a mid-
sagittal incision extending from right to left flank.
Both kidneys were freed of their perirenal attachments,
the hilar areas cleared of fatty tissue by gentle rubbing
with gauze and both ureters were cannulated. The left
kidney was then freely suspended by means of a sling
composed of two broad nylon bands placed on either
side of the hilum. The sling was attached to a force
transducer (Sanborn UC-3) calibrated for weight. The
relationship of the suspended left kidney to other
organs is shown in Fig. 1. By this arrangement the left
kidney could be freely suspended, yet both right and
left kidneys could be maintained at the same level. In
all studies, intrarenal pressure was monitored in the
left kidney by a diaphragm type strain-gauge micro-
transducer placed in the subcapsular space for the
measurement of renal subcapsular pressure (RSCP), as
previously described [3]. Each animal also received
10 U of vasopressin in oil intramuscularly prior to sur-
gery and aqueous vasopressin was added to the saline
infusion to deliver 0.03 to 0.05 U/mm. To prevent heat
loss and drying of the exposed visceral surfaces, the
animal was placed on a warming blanket and the entire
animal, except for the head, was enclosed in a clear
plastic tent which contained laparotomy pads which
were periodically soaked with warm saline solution.
Temperature (determined rectally) was recorded
throughout the experiment and was found to be con-
stant.
Measurement of the distending pressures of the
kidney. We have taken RSCP, measured under steady
state conditions, to be the distending of the renal cap-
sule. The rationale is as follows:
At constant renal volume, there is no net displace-
ment of the renal capsule or microtransducer; therefore,
as shown in Fig. 2:
F = F
where F0=force of the capsule on the microtransducer,
and F= force of the parenchyma on the pressure-
sensitive diaphragm of the microtransducer.
By definition,
FI/AMT(P) = RSCP
where AMT(p) = the surface area of the microtransducer
facing the renal parenchyma.
Since FP/AMT(c)= pressure distending the renal cap-
sule, where AMT(c) = the surface area of the microtrans-
ducer facing the renal capsule and
AMT(c) = AMT(p),
it follows that RSCP=pressure distending the renal
capsule.
RSCP can be further defined as follows:
Since F = FaT+ F1
where FST =summation of all solid tissue forces (tubu-
lar and vascular structures) on the pressure-sensitive
diaphragm of the microtransducer and F1 = summa-
tion of the hydrostatic forces of the interstitial fluid on
the pressure-sensitive diaphragm of the microtrans-
ducer, it follows that RSCP =(FST+ FJs)/AMT (P) total
tissue pressure as defined by Guyton, Granger and
Taylor [4]. Thus, RSCP can also be viewed as a
measure of the total tissue pressure exerted on the
renal capsule. Since total tissue pressure is the summa-
tion of all the tissue forces acting over a given area,
total tissue pressure can be viewed as that pressure re-
sponsible for changes in tissue volume.
Nevertheless, before the above can be accepted as a
rigorous demonstration that RSCP is a measure of the
distending pressure of the renal capsule and a measure
of total tissue pressure, the possibility must be con-
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Fig. 2. The relationship of total tissue pressure to renal sub-
capsular pressure (RSCP). See text for discussion,
Body wall
of dog
Fig. 1. The arrangement for measuring change in left kidney wi'.
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sidered that the microtransducer may alter the pressure
characteristics of the parenchyma under the micro-
transducer so that the tissue pressure measured by
RSCP might be different from total tissue pressure at
other subcapsular sites. It is unlikely, however, that
the microtransducer significantly alters local tissue
forces since in the same kidney RSCP faithfully reflects
changes in proximal intratubular pressure measured by
micropuncture techniques [5]. Furthermore, changes in
RSCP measured by microtransducer or from a small
"lake" (0.1 ml of mineral oil in the subcapsular space)
are the same [3]. Thus, the fact that changes in RSCP
are equivalent whether measured by a totally fluid-
filled system (the "lake" of mineral oil) or a solid state
system (the microtransducer) indicates that, although
solid tissue pressure may be the summation of a very
heterogenous family of pressures [4], the diaphragm of
the microtransducer, on the average, faithfully per-
ceives the individual contributions to solid tissue pres-
sure just as a liquid system does.
These facts taken together with our previous ob-
servations that two microtransducers placed in sepa-
rate subcapsular locations in the same kidney measure
the same X RSCP (change from control)' when intra-
renal pressure is changed by a variety of physiologic
maneuvers [6] indicate that the z RSCP measured at
one site can justifiably be taken to be a measure of
the change pressure distending the renal capsule as a
whole.
We have taken the relationship between kidney
weight and UP during the exercises to be a measure of
the volume/pressure characteristics of the whole kidney
(renal capsule + parenchyma). The basis for this work-
ing hypothesis is that in the dog kidney changes in UP
between 10 and 30 mm Hg on the average result in
nearly equivalent changes in intratubular and intra-
capillary pressue [7] and, presumably, it is these
changes in the intratubular and intracapillary hydro-
static pressure which provide the change in forces dis-
tending the renal parenchyma and capsule. Thus, over
the range UP = 10 to 30 mm Hg, we have taken UP
to be a measure of the intrarenal pressure change which
is ultimately responsible for the change in volume of
the whole kidney.
Measurement of renal volume. Changes in renal
volume were estimated from directly measured changes
in kidney weight. Since, acutely, renal volume is
I We have previously noted that under some circumstances the
baseline RSCP may be affected by the mechanical orientation of
the microtransducer in the subcapsular space. However, changes
from that baseline pressure appear to be independent of the
mechanical orientation of the microtransducer (6). Thus, ideally,
RSCP data should be analyzed in terms of RSCP (change from
control), as we have done in the present study, rather than in
terms of the absolute RSCP.
changed by accumulation or losses of whole blood or
saline or both which have a specific gravity of 1.050 and
1.010 [8], respectively, we assumed that each 1-g change
in kidney weight corresponded to approximately a
1-mi change in volume. The force transducer used to
directly measure change in renal weight was drift-free
and was linear from 0 to 40 g. All the kidneys used in
the study were heavier than 40 g; thus, total kidney
weight could not be measured. Instead, a counter-
balance was placed in a fixed position and changes
from this counter-balanced weight were recorded
throughout the experiment. It was later possible to cal-
culate the total left kidney weight during each experi-
mental period because at the end of each experiment,
the left kidney was removed without loss of fluid and
weighed. This was done by simultaneously clamping
the hilar structures; the kidney was then frozen, trim-
med of hilar structures and weighed. Thus, by knowing
the final total left kidney weight and the change in
weight during each experimental period, the total left
kidney weight in each period of the experiment was
calculated. The final total right kidney weight was also
measured in exactly the same way.
En order to assess during the experiment whether
additions or subtractions in weight to the weighing de-
vice were being accurately measured, at the beginning,
middle and end of each experiment, a 1 0-g weight was
added to the hook supporting the kidney. In all in-
stances, the addition and subtraction of the 10-g
weight resulted in recorded weight changes of 10 g
0.5 g.
Protocols. The experiment was begun approximately
30 mm after all surgical procedures were completed
and a stable urine flow of >0.5 ml/min from each kid-
ney was established. The two basic components of the
protocols are as follows:
1. Exercise periods. An exercise period (EP) was
accomplished as follows: The orifice of the left ureteral
catheter was placed at a level parallel to the superior
surface of the left kidney. This was designated UP =
0 mm Hg. After a steady state2 was achieved, the
ureter was raised consecutively to levels corresponding
to UP of 5, 10, 20 and 30 mm Hg. At each level of
ureteral catheter elevation, observation for evidence of
a steady state was not begun until the catheter had
spontaneously filled to that level with urine. At each
steady state level of UP, the electronically meaned
kidney weight and RSCP were recorded on a recorder
system (Hewlett-Packard). After completion of these
measurements at UP =30 mm Hg, the ureteral catheter
was then returned to UP =0 mm Hg. This cycle of
2 A steady state is defined as an interval of two minutes or longer
over which z kidney weight  1 g and z RSCP 1 mm Hg.
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changing UP and recording kidney weight and RSCP
was termed an "exercise". Approximately 20 mm was
required to perform a single exercise. Two exercises
were performed during each EP with a five-minute
steady state period between the exercises.
2. Clearance periods. A clearance period (CP) was
obtained after each EP. A CP consisted of two 15 to-
30-mm urine collections obtained from both kidneys.
An arterial blood sample was obtained at the midpoint
of reach collection during each CP. UP was main-
tained at 0 mm Hg during each CF by adjusting the
height of the ureteral catheter as described above.
3. Spec jfic protocols. a) Saline loading experiments.
Eleven dogs were studied. These experiments were
performed in the following sequence: EP 1, CP 1 (first
EP and CP, respectively); EP 2, CP 2 (second EP and
CP, respectively). A saline load of 60 mi/kg was then
given at 100 mI/mm. When RSCP returned to control
levels after saline loading (mean elapsed time from the
start of the saline load until RSCP returned to control
levels was 45 mi, EP 3 and CP 3 (third EP and CP,
respectively) were then performed. A constant infusion
of l.5mannitol in isotonic saline at 3 to 5 ml/min
was given throughout the experiment except during the
period of saline loading. b) Control experiments. Five
dogs were studied. These studies were identical to the
saline loading experiments except that after CP 2, no
saline load was given. Instead, 45 mm was allowed to
elapse before EP 3 and CP 3 were begun. The constant
infusion of 1 .5% mannitol in isotonic saline was con-
tinued throughout the experiment. The purpose of the
constant infusion of saline and mannitol throughout
all experiments was to ensure urine formation at a
sufficient rate to efficiently perform the exercises.
c) Analytical methodc. All chemical methods used in
this study have been previously described [6]. The
clearance of creatinine (Car) was taken to be the
glomerular filtration rate (GFR); effective cortical
blood flow (ECBF) was taken to be the clearance of
PAH (CPAH)/(l-Hct); and the filtration fraction was
calculated as CCr/CPAH.
Results
All mean values are shown 1 SEM.
Comparison of right and left kidney function. To
assess whether left kidney function is affected by the
suspending and repeated "exercising" of that kidney,
we compared the function of the left kidney to the un-
manipulated right kidney in each of the three CF's in
all experiments. Shown in Table 1 are the pooled re-
sults of the clearance data from both the control and
saline loading experiments arranged in sequence with
right and left kidney function compared by paired
test. As can be seen, the only consistent difference
between right and left kidney function with time is the
slightly greater rate of potassium excretion by the left
kidney noted in both CP's 2 and 3. Thus, since right
and left kidney functions are comparable despite the
suspending and repeated exercising of the left kidney,
it appears that the experimental conditions used to
measure whole kidney volume/pressure relationships
have only minimal effects on kidney function.
Measurement of whole kidney volume/pressure rela-
tionships. Fig. 3 shows the relationship of kidney
weight to RSCP and UP during each exercise and
during saline loading in a representative saline loading
experiment. As can be seen during EP I and 2, baseline
kidney weight (kidney weight at UP =0) and kidney
weight at any given RSCP increased with each exer-
cise. The slope of the kidney weight/RSCP relation-
ship, however, appears unchanged during EP 1 and 2.
A saline load was then given and caused a marked in-
crease in RSCP and the further increase in kidney
weight. After completion of the saline load, RSCP and
kidney weight gradually returned towards control
Table 1. Comparison of right and left kidney function in all experiments (N= 16)0
V
mi/mm
% Na Ex GFR
ml/mi;z
ECBF
ml/mi,i
FF UV
p.Eq/min
T°H2O/GFR
mi/100 ml GFR
%P Ex
Clearance
period I
R
L
0.53±0.06
0.62±0.11
1.66±0.3
1.90±0.4
20.8±1.6
22.2±1.9
118±9
119±8
0.31±0.01
0.32±0.01
18.5±1.6
21.2±2.3
2.15±0.34
2.28±0.35
17.2±3.7
18.5±4.0b
Clearance
period2
R
L
0.54±0.07
0.74±0.12
1.12±0.2
1.73±0.4
19.0±1.5
20.9±1.6"
94±10
98±10
0.38±0.02
0.40±0.03
16.7±1.9
2O.S±2.Sb
1.60±0.31
1.57±0.25
17.3±3.4
18.7±3.3
Clearance
period3
R
L
0.76±0.12
1.11±0.20
2.01±0.3
2.84±0.5"
19.0±1.3
21.2±1.9
69±6
74±7
0.49±0.02
0.50±0.02
25.8±2.3
31.4±3.5"
1.38±0.38
1.25±0.30
32.0±2.9
33.3±2.3
a = rate of urine flow; % Na Ex = (UNOV/Filtered Na) x 100; GFR =glomerular filtration rate; ECBF = effective cortical blood flow
(CPA,,/[I —Hct]); FF=filtration fraction (Ccr/CpAH); U,V=rate of urinary potassium excretion; T°H2O=V (Uo,m/Po,m—1); % P
Ex= phosphorous excreted ([UpV/flltered x 100); R=right kidney; L=left kidney.
Indicates P 0.05, comparing R and L function in the given clearance period.
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levels. When RSCP finally reached control levels, EP3
was undertaken. As can be seen, with each subsequent
exercise, kidney weight was increased at any given
RSCP just as in the pre-saline loading exercises. How-
ever, now the slope of the kidney weight/RSCP rela-
tionship has increased compared to the pre-saline load-
ing exercises. Thus, the representative study shows that
with time, kidney volume tends to be increased at any
given RSCP and that saline loading further increases
the tendency for the kidney to occupy a larger volume
at any given RSCP. The control experiments were
identical to the saline loading experiments except that
no saline load was given between EP 2 and 3. This was
done to help clarify whether the changes in whole kid-
ney volume/pressure relationship observed in post-
saline loading, as typified by the representative study,
are the result of the saline load itself or are simply the
effect of time in the setting of a high basal infusion of
saline and the exercises.
In both control and saline loading experiments, the
kidney weight/RSCP and kidney weight/UP curves
were well represented by straight lines. Thus, in all ex-
periments, a mean linear regression was calculated
from the curves of each EP and these regressions were
used in the analysis and description of the data. The
pooled results of the control experiments and the
pooled results of the saline loading experiments are
shown in Fig. 4.
In control and saline loading experiments, the re-
gressions of z kidney weight on RSCP for EP 1 were
not different from the corresponding regressions for
EP 2 as determined by paired t testing of slopes and
intercepts. Therefore, in each set of experiments the
88
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7' 82
L 80
72
L70 5
-68
F66 5)
-1
EP 3
1 and 2
EP 1 and 2
regressions were pooled and a single mean regression
of z kidney weight on RSCP for EP 1 and 2 was cal-
culated for the control and for the saline loading ex-
periments, respectively. Similarly, there was no signi-
ficant difference between the slopes and intercepts of
the regressions of kidney weight on UP for EP 1 and
2 and, thus, these regressions were pooled and a single
mean regression of z kidney weight on UP for EP 1
and 2 for control and saline loading experiments, re-
spectively, was calculated. These mean regressions are
shown in Fig. 4, parts A and B, respectively.
In control and saline loading experiments, mean
baseline kidney weight increased from EP 1 to EP 2 but
not significantly. However, by EP 3, in both sets of ex-
periments, baseline kidney weight had increased signi-
ficantly compared to the mean baseline kidney weight
EP 3
EP 2
EP
Control exp o- — . -o.
Saline loading exp . —.
EP3
EP3
EP 1 and 2
EP 1 and 2
88
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78
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66
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Fig. 3. The relationship of kidney weight to renal subcapsular
pressur3 (RSCP) and ureteral pressure (UP) in a representative
saline loading experiment. The exercise period (EP) in which
each of the curves was observed is indicated by the brackets. The
numbers at the end of each curve indicate the sequence in which
they occurred. The solid circles also indicate the specific UP at
which RSCP was measured; that is to say moving left to right on
each curve, the first through fifth solid circles indicates UP= 0, 5,
10, 20 and 30 mm Hg, respectively. The broken line indicates the
kidney weight/RSCP relationship as a result of saline loading,
and until RSCP returned to control levels. The saline load was
given between EP 2 and 3.
Renal subcapsular pressure, mm Hg
I
5
0
0 10 20 30 40
Ureteral pressure, mm Hg
Fig. 4. The relationship of kidney weight to renal subcapsular
pressure (RSCP) and kidney weight to ureteral pressure (UP) in
control and saline loading experiments. The regression lines for
the exercise periods (EP) are shown in relation to the means of
the data from which the regressions were calculated. To show the
EP 1 and 2 regressions as change from a common baseline, the
regressions were plotted minus their respective intercepts. To
show the EP 3 regressions as change from the corresponding
EP 1 and 2 regressions, the EP 3 regressions were plotted minus
the corresponding EP I and 2 regressions.
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of EP 1 and 2 (control experiments: +2.25±0.75 g;
P<0.05; saline loading experiments: +3.00±0.75 g,
P <0.01).
In control experiments, the mean slope in EP 3 of
the regression of A kidney weight on RSCP and the
mean slope of the regression of A kidney weight on UP
remained unchanged from the mean slope of the cor-
responding regressions of EP 1 and 2. The mean slope
of A kidney weight on RSCP in EP 1 and 2 vs. EP 3 was
0.12±0.06 vs. 0.103±0.02 g/mm Hg (P>0.6) while
the mean slope of A kidney weight on UP in EP 1 and
2 vs. EP 3 was 0.09 vs. 0.085±0.014 g/mm Hg
(P>0.6).
In contrast, in the saline loading experiments, the
slope of A kidney weight on RSCP and the slope of
A kidney weight on UP were significantly increased in
EP 3 compared to the corresponding mean slopes of
EP I and 2. The mean slope of A kidney weight on
RSCPinEP land 2 vs. EP 3 was 0.10± 0.02 vs. 0.15
0.02 g/mm Hg (P<0.0l) while the mean slope of A
kidney weight on UP in EP 1 and 2 vs. EP 3 was 0.09
0.02 vs. 0.13 g/mm Hg(P<0.Ol).
To recapitulate, as shown in Fig. 4, the kidney be-
comes more compliant with time in both control and
saline loading experiments as shown by the upward
displacement of the whole kidney volume/pressure
curves. The addition of the saline load further increases
the compliance of the kidney as shown by the signi-
ficant increase in the slope of the A kidney weight/
RSCP and A kidney weight/UP curves in EP 3 of
saline loading experiments.
Relationship of whole kidney volume/pressure events
in saline loading to renal function. To assess whether
the marked increase in intrarenal pressure noted dur-
ing administration of the saline load might be a factor
affecting the subsequent performance of the kidney, we
calculated the correlation coefficients for the relation-
ships between the mean increase in intrarenal pressure3
of the left kidney and the change in left kidney function
between CP 2 and CF 3. The variables measured to
assess function are shown in Table 1. The change in
these variables was expressed as a ratio. The only signi-
ficant correlation was between the mean increase in
RSCP and the ratio (UKV[CP 3]/UV[CP —2]),
(r= —0.72, P<0.025).
In addition, we examined the correlation between
the slope of the kidney weight/UP regression measured
prior to each CF and the various indices of renal func-
To determine for each experiment the mean increase in intra-
renal pressure as a result of saline loading, a plot of RSCP vs.
time was made encompassing the interval from the onset of the
saline load until RSCP returned to control levels. The mean in-
crease in intrarenal pressure was then determined by dividing the
area under the curve by the time interval.
tion measured in that subsequent CP. The data for all
CF's in all experiments were used except for the post-
saline load CP's. In order to make valid comparisons
among kidneys of different sizes, all slopes were cor-
rected to A weight/A UP/l00 g of kidney weight.4 No
significant correlation was found between the slope of
kidney weight on UP corrected for kidney size and
any of the indices of the renal function shown in
Table I.
We also examined the relationship between the
change in slope of the kidney weight/UP regression
between EP 2 and 3 in saline loading studies and the
change in renal function between CF 2 and 3. Both
variables were expressed as ratios. No significant cor-
relations were found. Finally, we attempted to examine
the relationship between change in renal volume and
renal function in the post-saline loading period by
comparing the fractional change in kidney weight
from CP 2 to CP 3 to the change in the various indices
of renal function from CP 2 to CF 3. However, the in-
creased baseline kidney weight recorded at the start of
EP 3 was not sustained into CF 3; in almost all experi-
ments, baseline kidney weight returned to or slightly
below the mean baseline kidney weight of CP 2. The
final total kidney weight in control and saline loading
experiments was as follows: right vs. left kidneys,
54.6±4,9 vs. 55.0±6.0 (P>0.8) and 54.2±3.6 vs.
56.2 (P>0.7), respectively.
Relationship of UP to RSCP. Fig. 5 shows the rela-
tionship between UP and RSCP in each of the EP's of
the saline loading experiments. As can be seen A UF
is not a major determinant of A RSCP at UP< 10mm
Hg. However, as UP increases and particularly in
post-saline loading (EP 3), A UP becomes a major de-
terminant of A RSCP; that is, as can be seen from
Fig. 5, above UP= 10 mm Hg, A UP A RSCP (also
see Fig. 3). Nevertheless, at all times absolute RSCP is
greater than absolute UP, evidently reflecting the
necessity for cortical pressures to be greater than
medullary pressures in order that blood and tubular
fluid flow from cortex to medulla. These curves are
very similar to those reported by Knox et al [7] on the
relationship between proximal intratubular pressure
and UP.
Also of note is that when UP is changed, on the
This correction is necessary since, for a given increase in UP,
larger kidneys would be expected to undergo a larger increase in
weight and, therefore, have larger A kidney weight/A UP ratios
than smaller kidneys. Furthermore, the larger the kidney, the
larger would be the expected GFR, CPAH, etc. Thus, to avoid
correlations between the A kidney weight/A UP ratio and the
various indices of renal functions in which the correlations result
simply from the fact that kidney size may determine both the
A kidney weight/A UP ratio and level of renal function, we have
corrected the A kidney weight/A UP ratio for kidney size as de-
scribed above.
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Fig. 5. The relationship of ureteral pressure (UP) to renal sub-
capsular pressure (RSCP) in the exercise periods of the saline
loading experiments. The broken line represents the relationship
RSCP= UP.
average A RSCP A UP (as shown in Fig. 5). How-
ever, in some instances, A RSCP exceeded A UP by an
amount which was clearly beyond the error of either
measurement (see Fig. 3: in several exercises A RSCP
> A UP). Knox et al also recorded in several experi-
ments (Fig. 3 of [7]) that the increase in proximal
intratubular pressure induced by change in UP clearly
exceeded the increase in UP. Evidently, in these situa-
tions the renal vasodilatation, which occurs with in-
creased UP [9], is greater than that required to effect
an increase in intratubular pressure to match the in-
crease in UP. However, such an "overshoot" is an
exception and, on the average and particularly at
UP= 10 to 30 mm Hg, a given change in UP results in
an essentially equivalent change in proximal intra-
tubular pressure [7] and RSCP (Fig. 5).
Discussion
In this study we measured the changes in kidney
weight and RSCP which resulted when intrarenal pres-
sure was systematically increased and decreased in
step-wise fashion by changing UP. This maneuver was
termed an "exercise". We assumed that the changes in
renal weight during the exercises were accompanied by
predictable changes in renal volume and, further, that
the renal capsule encompasses virtually the entire
kidney; thus, any significant change in renal volume
must involve a similar change in the volume encom-
passed by the renal capsule. Since A RSCP can be
considered to be the change in pressure distending the
renal capsule when renal volume changes and since
A kidney weight can be considered to be the change in
volume encompassed by the capsule, the relationship
between kidney weight and RSCP during the exercises
was considered to be a measure of the volume/pressure
characteristics of the renal capsule. Similarly, since on
the average and particularly at UP= 10 to 30 mm Hg
A UP can be taken to be a measure of the intrarenal
pressure change which ultimately is responsible for the
change in volume of the whole kidney, as discussed in
Methods, we have considered the relationship between
kidney weight and UP during the exercises to be a
measure of the whole kidney (renal parenchyma and
capsule) volume/pressure characteristics. The kidney
weight/RSCP and kidney weight/UP curves obtained
during the exercises were well described by straight
30 lines; thus, linear regressions were calculated to display
and analyze these volume/pressure relationships. We
examined these whole kidney volume/pressure rela-
tionships under control conditions and after admini-
stration of a large saline load.
In control experiments we found no change in the
slope of the kidney weight/RSCP or kidney weight/UP
relationships in the three successive exercise periods.
However, mean baseline kidney weight (kidney weight
at UP =0 mm Hg) increased in each successive exer-
cise period and the increase became significant by the
third exercise period.
We have interpreted the rise in baseline kidney
weight and kidney weight at any given UP or RSCP in
each succeeding exercise period as indicating a pro-
gressive increase in compliance of the whole kidney
since, with time, the kidney could occupy a progres-
sively larger volume with no increase in the distending
pressures of the kidney. Since we have taken RSCP to
be a measure of the distending pressure of the renal
capsule, it follows that the increase in compliance of
the whole kidney must involve, at least in part, an in-
crease in compliance of the renal capsule. Neverthe-
less, before the upward displacement of the kidney
weight/RSCP curve can be accepted as evidence of an
increase in compliance of the renal capsule, the possi-
bility must be considered that this is an artifact due to
a progressive underestimation of the true total tissue
pressure by RSCP measurement rather than a gener-
alized increase in compliance of the renal capsule, that
is, the upward displacement of the kidney weight/
RSCP curve could be the result of a time-dependent
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EP 1,
/////////////
EP
/////////
Ureteral pressure, mm Hg
52 1-lebert et cii
disproportionate increase in compliance of the renal
capsule overlying the microtransducer and/or a time-
dependent change in the total tissue pressure of the
cortex directly adjacent to the microtransducer. This
seems unlikely, however, in light of the following
evidence:
1) Comparing RSCP to other measures of intrarenal
pressure does not reveal evidence that RSCP syste-
matically underestimates change in intrarenal pressure.
As we have previously discussed [3, 6], Levy and
Levinsky [5] have found that under conditions of in-
creased intrarenal pressure, RSCP and proximal in-
tratubular pressure (measured simultaneously and in
the same kidney) are "interchangeable". Such a rela-
tionship might be expected since proximal intratubular
pressure, by virtue of the large volume occupied by
proximal tubules in the superficial cortex, is probably
a major determinant of the total tissue pressure exerted
at the superficial cortex. Furthermore, we [3] and
Daugharty and Earley [10] have found that under a
variety of experimental conditions which change intra-
renal pressure, wedge renal venous pressure (WRYP)
and RSCP, both of which are considered to be measures
of cortical total tissue pressure, undergo virtually
identical changes. The single exception is early in saline
loading where RSCP increases more than WRYP and
remains significantly elevated above control levels after
WRYP has returned to control levels [3].
2) Another line of evidence is the reproducibility of
the maximum RSCP at the maximum UP. As shown
in Fig. 5, in each exercise period at UP =30 mm Hg,
the absolute RSCP is increased to the same level in all
exercise periods. It seems unlikely to us that is a fortui-
tous event. Assuming that in each exercise period
UP =30 mm Hg results in the same total tissue pres-
sure of the superficial cortex, the finding that the same
UP results in the same RSCP at the beginning and at
the end of the experiment indicates that there is not a
time-dependent localized change in the mechanical
properties of the cortex or capsule which causes RSCP
to systematically underestimate the total tissue pres-
sure of the superficial cortex.
3) Perhaps the most compelling evidence is that if
the upward displacement of the kidney weight/RSCP
curve from EP 1 and 2 to EP 3 were simply artifactual
and, in fact, the volume/pressure curve of the capsule
was unchanged from the curve described by the EP 1
and 2 regression, then in order to account for the mean
A kidney weight of about 7.5 observed in EP 3 at UP =
30 mm Hg, it is necessary that the true RSCP be about
75 mm Hg. However, it does not seem possible that
such a marked increase in total tissue pressure could
have existed since at the point in time when the exer-
cises were undertaken in post-saline loading, as we
have previously reported [3], intrarenal pressure has
returned to control levels as assessed by simultaneous
measurement of both RSCP and WRYP. Furthermore,
it is clear from the present studies that raising UP from
0 to 30 mm Hg alone does not result in such markedly
elevated RSCP. In fact, as shown in Fig. 5, the mean
absolute RSCP in all exercise periods at UP =30 mm
Hg is only about 35 mm Hg. Thus, considering all the
evidence, we feel that the data clearly show that the
reason for the increase in renal volume at any given
UP or RSCP under the present experimental condi-
tions is at least in part due to an increase in compliance
of the renal capsule as a whole.
The reason for this increased compliance of the
kidney with time under control conditions is not clear.
However, in part, it could be related to the cumulative
mechanical effects of the exercises on renal structures;
that is, the periodic increases and decreases in intra-
renal pressure which accompany the exercises may
have taken renal structures beyond their elastic limits
so that by the third exercise period, increased renal
volume could be maintained at no increase in the dis-
teading pressure of the kidney. In support of such an
hypothesis, we found in pooling the results of all ex-
periments that, on the average, the left (exercised)
kidney weight is 1.4 g more than the right (unmanipul-
ated) kidney, and although this difference did not
achieve statistical significance, it is large enough to
account for over one-half of the mean increase in base-
line weight of the exercised kidneys from the beginning
to the end of the experiment. The increased compliance
of the kidney under control conditions could also be
related to the cumulative effects of the constant infu-
sion of saline, as discussed in the following.
In the saline loading experiments, there was also a
rise in baseline kidney weight in each successive exer-
cise period which became statistically significant by the
third exercise period (the post-saline loading exercise
period). However, in contrast to findings in control
experiments, in the third exercise period of the saline
loading experiments there was a significant increase in
the slope of the kidney weight/RSCP and kidney
weight/UP relationships (Fig. 4). Thus, saline loading
caused a further small increase in the compliance of the
kidney.
The reason for the further increase in compliance of
the kidney as a result of saline loading is not clear.
Although it is possible that it may be in part related to
the marked but temporary increase in intrarenal pres-
sure during administration of the saline load, we could
find no significant correlation between the increase in
RSCP and the increase in slope of the kidney weight/
RSCP relationship in post-saline loading. Another
possibility is that the effect of saline loading to further
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increase the distensibility of the kidney may in part be
related to the presence of the excess saline in the
interstitial spaces of renal tissue as a result of saline
loading. For example, accumulation of saline in inter-
stitial spaces might alter the interstitial gels and these
gels may be a factor determining the distensibility of
tissues [11]. Such changes could affect the distensi-
bility of both the parenchyma and capsule, and could
in part explain the changes in distensibility of the kid-
ney with time in both the saline loading and control
experiments; that is, in both control and saline loading
experiments a large amount of saline was eventually
infused since a relatively large basal infusion rate of
saline was necessary (3 to 5 mI/mm) to ensure in all
exercise periods urine formation at a sufficient rate to
efficiently perform the exercises.
Although the reason the kidney becomes more com-
pliant with time under these experimental conditions
is not clear, it does seem clear that the increased com-
pliance of the whole kidney is at least in part due to in-
creased compliance of the renal capsule. Thus, the
renal capsule may be an important determinant of
whole kidney volume/pressure relationships. Jndeed,
the fact that at UP> 10 mm Hg, changes in UP result
in nearly equivalent changes in RSCP suggests that the
elastic properties of the renal capsule provide the
major force opposing expansion of at least a portion
of the outer cortex. If, as previously discussed, UP
is a good approximation of z intratubular and in-
tracapillary pressure [7] and if the change in these
luminal hydrostatic pressures is the principal cause of
the change in forces distending the renal parenchyma
when UP is changed, the finding that UP approxi-
mates RSCP indicates that the disten ding force of at
least a portion of the cortex is transmitted nearly un-
diminished to the renal capsule. Thus, for this portion
of the cortex, the renal capsule is a critical determinant
of its volume/pressure relationships. The extent to
which the renal capsule affects whole kidney volume/
pressure relationships is not assessed by these experi-
ments. However, if the restraining force of the renal
capsule were effective for only the outer 4 to 5 mm of
renal cortex, in the average size dog kidney, this would
constitute about 60% cortical volume and about 40%
whole kidney volume [12].
Although the renal capsule is very likely an im-
portant determinant of cortical volume/pressure rela-
tionships, we have evidence suggesting that the renal
parenchyma itself possesses substantial elastic forces
which oppose expansion. In unpublished experiments
we have compared the renal volume change in decap-
sulated vs. intact kidneys when intrarenal pressure was
markedly increased by i.v. saline loading (60 mI/kg
at 100 mI/mm) with UP maintained at 30 mm Hg.
Changes in renal volume were assessed by direct
weighing. We found that in the dogs with intact kid-
neys (N= 5) the mean weight increase of the weighed
left kidney was 8.0 2.6%, while in the dogs with a de-
capsulated left kidney (N= 7) the mean weight increase
of the left kidney was 19.7 l.8°/ (P<0.01). Thus, al-
though the decapsulated kidneys increased signific-
antly more in volume than the intact kidneys, control
of renal volume was not grossly disrupted by decap-
sulation. This observation may also be relevant to the
mechanism of renal expansion in clinical situations
such as acute tubular necrosis or transplant rejection;
that is, if the whole kidney volume/pressure relation-
ships of man resemble those of the dog, the finding in
man of such extraordinary increases in renal volume
implies that a marked increase in compliance of both
the renal capsule and parenchyma must have occurred
to permit such marked degrees of renal expansion.
In this study, we also attempted to assess the func-
tional significance of some of the observed volume/
pressure events. However, we found no correlation
between the mean increase in RSCP during administra-
tion of the saline load and the functions of the kidney
in the post-saline loading period (except for a negative
correlation between the mean increase in RSCP and
the change in UKV); we found no correlation between
the compliance of the whole kidney ( kidney weight/
UP) in each exercise period and renal function, as
measured in the succeeding clearance period, and no
correlation between the change in compliance of the
kidney as a result of saline loading and the change in
renal function in post-saline loading. Finally, we
attempted to examine the relationship between the
change in renal volume as a result of saline loading to
change in renal function in the post-saline loading
period. Unfortunately, the increases in renal volume
observed in EP 3 were not sustained into CP 3. In
virtually all experiments, the kidney weight in CP 3
gradually returned to or slightly below the weight
measured during CP 2. Thus, although we were unable
to explore the relationship of renal volume to renal
function in post-saline loading, the data do show that
an increase in sodium and water excretion following
saline loading can be achieved without a further in-
crease in renal volume.
In summary, these experiments show that under
physiologic conditions, the compliance of the kidney
can be readily and substantially increased suggesting
that such compliance changes might contribute to the
increases in renal volume which are seen in certain
physiologic and pathologic states. Evidence is also
presented that such increases in compliance are due at
least in part to increased compliance of the renal cap-
sule and that the elastic properties of the renal capsule
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may be a principal determinant of the volume/pressure
characteristics of outer cortex. Finally, although we
were unable to find any major effect of change in renal
volume or compliance on renal function, these studies
do not exclude an important effect of renal volume or
compliance since the changes induced by the present
experimental conditions are small in comparison to
those which may occur in certain other physiologic and
pathologic states.
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